Estrogen receptors ERa and ERb share considerable sequence homology yet exert opposite effects on breast cancer cell proliferation. While the proliferative role of ERa in breast tumors is well characterized, it is not clear whether the antitumor activity of ERb can be mobilized in breast cancer cells. Here, we have shown that phosphorylation of a tyrosine residue (Y36) present in ERb, but not in ERa, dictates ERb-specific activation of transcription and is required for ERb-dependent inhibition of cancer cell growth in culture and in murine xenografts. Additionally, the c-ABL tyrosine kinase and EYA2 phosphatase directly and diametrically controlled the phosphorylation status of Y36 and subsequent ERb function. A nonphosphorylatable, transcriptionally active ERb mutant retained antitumor activity but circumvented control by upstream regulators. Phosphorylation of Y36 was required for ERb-mediated coactivator recruitment to ERb target promoters. In human breast cancer samples, elevated phosphorylation of Y36 in ERb correlated with high levels of c-ABL but low EYA2 levels. Furthermore, compared with total ERb, the presence of phosphorylated Y36-specific ERb was strongly associated with both disease-free and overall survival in patients with stage II and III disease. Together, these data identify a signaling circuitry that regulates ERb-specific antitumor activity and has potential as both a prognostic tool and a molecular target for cancer therapy.
Introduction
The 2 estrogen receptors ERα and ERβ mediate diverse effects of estrogens in multiple tissues (1) . Despite considerable sequence homology, ERα and ERβ carry out nonredundant physiological functions. While ERα is critical for mediating estrogen-dependent proliferation during normal mammary gland development, ERβ is known to inhibit cell proliferation and promote differentiation in a number of tissues (1, 2) . In cancer development and progression, ERα has a well-established role in supporting estrogen-dependent breast tumor growth, whereas ERβ significantly attenuates cell proliferation and invasion in a number of cancer cell types including breast (3) (4) (5) (6) and prostate cancers (7) (8) (9) . Lower expression of ERβ is found in breast cancer and correlates with worse disease outcome (10) . The fact that ERβ is still present in a large percentage of breast tumors raises the possibility of mobilizing the antitumor activity of ERβ as a potential therapy (11) . However, this opportunity has not been extensively exploited, partly due to the paucity of knowledge about how such ERβ activity can be harnessed in tumor cells.
Mammalian eye absent (EYA) proteins are involved in cell-fate determination in a broad spectrum of cells and tissues (12) . EYA proteins are transcription coregulators with well-documented tyrosine phosphatase activity (13) (14) (15) . The phosphatase activity of EYA is important for its roles in transcriptional regulation (14, 16) , cytoplasmic signaling (17) , innate immune response (18) , and DNA damage-induced apoptosis (19, 20) . The oncogenic activity of EYA proteins has been demonstrated in ovarian (21) and breast cancers (22, 23) . In particular, EYA2 was shown to promote proliferation, migration, and invasion of breast cancer cells, but its direct target(s) in tumor promotion is unclear.
The oncogenic activity of BCR-ABL due to chromosomal translocation in chronic myelogenous leukemia (CML) has been extensively investigated (24) , and pharmacological inhibition of the c-ABL kinase activity represents one of the most successful rationale design-based cancer therapies (25) . However, the function of native c-ABL protein in solid tumor development remains controversial (26) . In the case of breast cancer, c-ABL was reported to promote survival and motility of breast cancer cells (27, 28) . On the other hand, c-ABL was shown to mediate the tumor-suppressor activity of EPHB4 (29) and inhibit oncogenic transforming growth factor-β signaling (30) in breast tumorigenesis. Furthermore, recent clinical trials of c-ABL antagonists for several solid tumor types, including breast cancer, yielded mixed results (31, 32) .
Estrogen receptors ERα and ERβ share considerable sequence homology yet exert opposite effects on breast cancer cell proliferation. While the proliferative role of ERα in breast tumors is well characterized, it is not clear whether the antitumor activity of ERβ can be mobilized in breast cancer cells. Here, we have shown that phosphorylation of a tyrosine residue (Y36) present in ERβ, but not in ERα, dictates ERβ-specific activation of transcription and is required for ERβ-dependent inhibition of cancer cell growth in culture and in murine xenografts. Additionally, the c-ABL tyrosine kinase and EYA2 phosphatase directly and diametrically controlled the phosphorylation status of Y36 and subsequent ERβ function. A nonphosphorylatable, transcriptionally active ERβ mutant retained antitumor activity but circumvented control by upstream regulators. Phosphorylation of Y36 was required for ERβ-mediated coactivator recruitment to ERβ target promoters. In human breast cancer samples, elevated phosphorylation of Y36 in ERβ correlated with high levels of c-ABL but low EYA2 levels. Furthermore, compared with total ERβ, the presence of phosphorylated Y36-specific ERβ was strongly associated with both disease-free and overall survival in patients with stage II and III disease. Together, these data identify a signaling circuitry that regulates ERβ-specific antitumor activity and has potential as both a prognostic tool and a molecular target for cancer therapy. nated its phosphatase activity (Supplemental Figure 3, A and B) . The impaired enzymatic activity of these 2 EYA2 mutants correlated with the degree of their deficiency in repressing ERβ-mediated transcriptional activation (Supplemental Figure 3C) . Furthermore, WT EYA2 significantly diminished the total tyrosine phosphorylation (p-Y) level of ERβ, whereas the 2 EYA2 mutants were deficient in reducing p-Y of ERβ (Supplemental Figure 3D) . In contrast, WT EYA2 did not affect the total p-Y status of ERα (Supplemental Figure 3D) . These results are consistent with the notion that EYA2 represses the transcriptional activity of ERβ by directly dephosphorylating certain phosphotyrosine residues in ERβ.
To identify the EYA2-targeted phosphotyrosine residue in ERβ, we focused on the AF1 domain of ERβ because of its sequence divergence from ERα. Indeed, an ERβ mutant lacking AF1, while still retaining partial ligand-dependent transcriptional activity, was refractory to EYA2-mediated repression (Supplemental Figure 4A ). By systematically mutating individual tyrosine residues in AF1 of ERβ, we found that substitution of Y36 with either alanine (Y36A) or phenylalanine (Y36F) largely abolished the total p-Y signal of ERβ (Supplemental Figure 4 , B and C). Y36 is highly conserved among ERβ orthologs in mammals, but interestingly, human and other mammalian ERα proteins have an alanine residue at the corresponding position ( Figure 2A) . A phosphorylated Y36-containing (p-Y36-containing) ERβ peptide was dephosphorylated efficiently by recombinant WT, but not mutant, EYA2 (Supplemental Figure 4D ). This phosphopeptide was used as the antigen to raise a phospho-specific polyclonal antibody that recognized WT ERβ but not Y36F-ERβ or WT ERα ( Figure 2B ). The p-Y36 signal was substantially reduced by EYA2 overexpression ( Figure 2C ) and enhanced by EYA2 knockdown ( Figure 2D ), thus further validating the antibody specificity. Furthermore, we observed that p-Y36 of endogenous ERβ in MDA-MB-231 and MCF7 breast cancer cells was stimulated by ERβ agonists ( Figure  2E and Supplemental Figure 4E ) and dampened by EYA2 ( Figure  2E ). Last, recombinant WT, but not mutant EYA2, completely eliminated the p-Y36 signal of ERβ in vitro ( Figure 2F ). Collectively, these results unequivocally demonstrate that p-Y36 of ERβ is a direct substrate of the EYA2 tyrosine phosphatase activity.
To examine the impact of p-Y36 on ERβ-mediated transcription, we expressed WT and mutant ERβ in MDA-MB-231 breast cancer cells at levels comparable to those observed for endogenous ERβ in normal breast tissue (Supplemental Figure 4F) . The Y36F mutation abolished the ligand-dependent activation of the ERβ target genes ( Figure 2G , compare column 7 with 9, and 19 with 21). In contrast, a tyrosine-to-glutamate (Y36E) mutation retained the transcriptional activity of ERβ ( Figure 2G , compare column 7 with 8, and 19 with 20), suggesting that a negative charge at this position was sufficient to sustain ERβ transcriptional activity. Remarkably, unlike WT ERβ, Y36E-ERβ was largely refractory to EYA2-mediated transcriptional repression ( Figure 2G , compare column 10 with 11, and 22 with 23). This finding lends strong support to the notion that EYA2 represses the transcriptional activity of ERβ primarily through dephosphorylation of p-Y36. As ERα lacks a tyrosine residue at the corresponding position and its overall p-Y intensity is not affected by EYA2 (Supplemental Figure 3D) , our data provide a molecular explanation for the repressive effect of EYA2 on the transcriptional activity of ERβ, not ERα. Therefore, the exact role of c-ABL in cancer development and progression is likely to be context dependent.
In the current study, we sought to elucidate the mechanism by which ERβ-specific function is regulated in breast cancer cells. We identified a phosphotyrosine residue (Y36) present in ERβ, but not in ERα, that is critical for ERβ-specific transcriptional and antitumor activities. Our work also led to the discovery of c-ABL and EYA2 as the kinase and phosphatase, respectively, that regulate the antitumor activity of ERβ by directly controlling the phosphorylation status of Y36.
Results
EYA2 modulates transcriptional activity of ERβ, not ERα. To identify proteins that specifically regulate ERβ but not ERα, we used ERβ AF1 (amino acid 1-148), the region most divergent from ERα, as the bait in a yeast 2-hybrid screen. We isolated EYA2 from the initial screen and verified its association with ERβ by coimmunoprecipitation (co-IP) of endogenous EYA2 and ERβ in MCF7 breast cancer cells ( Figure 1A ) and glutathione-S-transferase pulldown of recombinant proteins ( Figure 1B) . The EYA2-ERβ interaction was detectable without any ERβ ligands but was enhanced by the ERα/ERβ common ligand 17-β-estradiol (E2; Figure 1A ) and the ERβ-specific ligand diarylpropionitrile (DPN; Figure 1B ). In contrast, the ERα-specific ligand propyl-pyrazole triol (PPT) did not have any effects on ERβ binding to EYA2 ( Figure 1B) .
Next, we examined the effect of EYA2 on the transcriptional activity of ERβ. MCF7 breast cancer cells express both ERα and ERβ (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI74085DS1). Therefore, both ERα-specific ligand PPT and ERβ-specific ligand DPN stimulated transcription of pS2, a common target gene of ERα and ERβ ( Figure 1C , columns 8 and 9). In contrast, only DPN, but not PPT, activated transcription of MDA7, an ERβ-specific target ( Figure  1C , columns 2 and 3). Ectopic expression of EYA2 repressed the transcriptional activation of MDA7 by DPN ( Figure 1C , compare columns 3 and 6), but not that of pS2 by either DPN or PPT (Figure 1C , compare columns 7-9 with 10-12). Reciprocally, siRNA knockdown of EYA2 further enhanced the transcriptional activation of MDA7 by DPN ( Figure 1D ; compare columns 3 and 6), without affecting DPN-or PPT-activated transcription of pS2 ( Figure 1D , compare columns 7-9 with 10-12). We also observed a similar repressive effect of EYA2 on ERβ-mediated transcription in MDA-MB-231 breast cancer cells, which express ERβ but not ERα (Supplemental Figure 1, A and B) . Furthermore, we introduced ERα or ERβ into HEK293T cells and the breast cancer Hs578T cell line, both of which lack endogenous ERα/β expression. Again, we confirmed the ERβ-specific transcriptional repression by EYA2 on multiple ERβ-specific target genes in the ERα/β-reconstituted HEK293T (Supplemental Figure 1 , C-E) and Hs578T cells (Supplemental Figure 2 ). Taken together, these data strongly suggest that EYA2 is a transcriptional corepressor of ERβ but not of ERα.
EYA2 inhibits ERβ transcriptional activity by directly dephosphorylating phosphorylated Y36 of ERβ. To understand how EYA2 repressed the activity of ERβ but not ERα, we first determined whether the tyrosine phosphatase activity of EYA2 was required for its transcriptional repression. We engineered 2 point mutations of EYA2 that either partially (D274A) or completely (D502A) elimi-jci.org
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and 4 with 7 and 8). Fourth, knockdown of c-ABL by multiple independent siRNA oligonucleotides dampened Y36 phosphorylation ( Figure 3C ). Last, affinity-purified WT c-ABL protein, but not the kinase-dead mutant (35) , directly phosphorylated ERβ in an in vitro kinase reaction ( Figure 3D , compare lanes 3 and 4 with 6 and 7, and Supplemental Figure 5 , C and D). In contrast, the Y36F mutant of ERβ was not phosphorylated by WT c-ABL ( Figure 3D , lanes 9 and 10). In aggregate, these data clearly demonstrate that Y36 is the primary substrate for the c-ABL kinase activity.
To assess the functional impact of c-ABL on the transcriptional activity of ERβ, we analyzed the effect of c-ABL knockdown on ligand-stimulated transcription of the ERβ target genes. To ascertain the specificity of the siRNA knockdown, we transfected MDA-MB-231 cells with an siRNA oligonucleotide that targets the c-ABL directly phosphorylates Y36 and promotes ERβ-mediated transcriptional activation. In order to identify the tyrosine kinase that phosphorylates Y36, we screened a mammalian expression library that contains all known human tyrosine kinases. The initial screen identified c-ABL as a candidate kinase for Y36 phosphorylation. Follow-up experiments, as described below, confirmed that c-ABL directly phosphorylates Y36. First, WT c-ABL, but not a kinase-dead mutant (33) , markedly increased both the total p-Y and p-Y36 levels of ERβ ( Figure 3A ). Second, both ectopic and endogenous c-ABL and ERβ were physically associated with each other in co-IP ( Figure 3A plemental Figure 6B ). These results clearly indicate that p-Y36 is important for the antitumor activity of ERβ. Next, we sought to validate the relevance of EYA2 and c-ABL to the antitumor activity of ERβ. Consistent with the previous reports of the oncogenic activity of EYA2 (22, 23) in breast cancer, ectopic expression of EYA2 promoted breast cancer cell growth in vitro and in vivo (Supplemental Figure 6, C and D) . Using the same systems, we found that knockdown of c-ABL led to accelerated tumor cell growth (Supplemental Figure 6 , E and F). We reasoned that if the effects of EYA2 and c-ABL on tumor cell growth were mediated by the phosphorylation status of Y36-ERβ, they would differentially influence the antitumor activity of WT ERβ and the functionally active yet nonphosphorylatable Y36E mutant. Indeed, both in vitro and in vivo studies showed that EYA2 substantially neutralized the antitumor activity of WT ERβ, but not that of the Y36E mutant ( Figure 5C , Supplemental Figure 7C , and Supplemental Figure 8, A and B) . Likewise, the same Y36E mutant was relatively refractory to c-ABL knockdown as compared with WT ERβ ( Figure 5D , Supplemental Figure 7D , and Supplemental Figure 8 , C and D). Therefore, Y36E-ERβ retains the antitumor activity of WT ERβ but circumvents the control by c-ABL and EYA2. Based on these findings, we conclude that EYA2 and c-ABL regulate the antitumor activity of ERβ predominantly via their influence over the phosphorylation status of the Y36 residue.
High p-Y36 levels are a prognostic marker for breast cancer progression and predict longer survival. To explore the clinical significance of this newly discovered signaling circuitry, we conducted immunohistochemistry (IHC) of breast cancer tissue samples. First, the specificity of the antibodies for p-Y36, EYA2, and c-ABL used in the IHC analysis was verified by antigen competition (Supplemental Figure 9 , A-C). In particular, prominent nuclear staining of breast tumor cells with the p-Y36 antibody was abolished by preincubation of the antibody with a p-Y36-containing peptide, but not its nonphosphorylated counterpart (Supplemental Figure 9C ). In addition, siRNA knockdown of endogenous ERβ in MDA-MB-231 cells abolished the p-Y36 signal in both IP-Western blotting and IHC (Supplemental Figure 9 , D and E), thus further corroborating the specificity of this antibody.
Using a cohort of 104 human breast tumor samples in our initial study, we found a markedly positive correlation (P = 7.46 × 10 -6 ) between c-ABL and p-Y36 levels and a negative correlation (P = 2.89 × 10 -5 ) between EYA2 and p-Y36 levels ( Figure 6A and Supplemental Table 1 ). This is consistent with the opposite effects of c-ABL and EYA2 on the p-Y36 status and ERβ functions observed in our preclinical studies. Using the available survival information of 56 subjects from this cohort, we observed a strong correlation between positive p-Y36 staining and longer disease-free (P = 0.001) and overall survival (P = 0.005; Supplemental Figure 10A ).
To validate the clinical correlation, we used a prognostic tissue microarray (TMA) from the National Cancer Institute (NCI), which consists of a larger cohort of breast tumor samples with a clinical follow-up record. Using a total of 726 readable IHC samples, we found that the p-Y36 signal was inversely correlated with tumor size (P = 1.1 × 10 ), and increased tumor grade (P = 0.007), thus demonstrating a significant correlation between loss of p-Y36 3′ untranslated region (3′-UTR) of the c-ABL gene and, for rescuing, used a WT c-ABL expression vector lacking the corresponding 3′-UTR sequence. c-ABL knockdown alone significantly reduced the DPN-stimulated mRNA levels of MDA7 and MSMB, 2 ERβ target genes ( Figure 3E , compare lane 4 with 5, and 10 with 11). Cotransfection of the siRNA-resistant cDNA clone of c-ABL rescued the knockdown effect ( Figure 3E, lanes 6 and 12) , thus validating the role of c-ABL in supporting ERβ-dependent transcription.
To determine whether the c-ABL effect on ERβ-dependent transcription was through phosphorylation of Y36, we compared the effect of c-ABL knockdown on WT ERβ, Y36F, and Y36E mutants. While Y36F remained transcriptionally inactive upon c-ABL knockdown ( Figure 3F , compare lane 9 with 12, and 21 with 24), the transcriptionally active yet nonphosphorylatable Y36E mutant was refractory to c-ABL knockdown ( Figure 3F , compare lane 8 with 11, and 20 with 23). This is reminiscent of the observed recalcitrance of the same ERβ mutant to the transcriptional repression by EYA2 ( Figure 2G 
p-Y36 promotes the interaction between ERβ and its coactivator. To elucidate the molecular basis for the role of p-Y36 in transcriptional activation, we first compared the ability of WT ERβ and Y36 mutants to bind to p300, one of the known transcriptional coactivators of ERβ (36, 37) . The Y36F mutant had a significantly reduced affinity for p300 as compared with WT ERβ ( Figure 4A , compare lanes 3 and 4 with 5 and 6). In contrast, the Y36E mutant had a somewhat higher affinity for p300 than did WT ERβ ( Figure  4A , lanes 7 and 8; also see quantification).
We next used chromatin immunoprecipitation (ChIP) to compare the ability of WT ERβ and the Y36F mutant to recruit p300 to the ERβ target promoters. Consistent with published studies of ERα (38) , E2 treatment stimulated cyclic recruitment of p300 to the ERβ target promoters in WT ERβ-expressing cells (blue lines in Figure 4 , B and C). In contrast, cells expressing the Y36F mutant exhibited substantially attenuated ligand-dependent recruitment of p300 (red lines in Figure 4 , B and C). This was not due to reduced chromatin binding of the Y36F mutant to these promoters ( Figure 4, D and E) . In fact, more Y36F was associated with the promoter regions than was WT ERβ. In a separate ChIP, we found that EYA2 also reduced promoter recruitment of p300 (Figure 4 , F and G, and Supplemental Figure 2C ), which phenocopied the mutational effect of Y36F (Figure 4 , B and C). These data strongly indicate that p-Y36 is important for ERβ-mediated coactivator binding and promoter recruitment.
The p-Y36 signaling circuitry regulates the antitumor activity of ERβ. To determine the importance of the p-Y36 signaling circuitry in the antitumor function of ERβ, we first compared the effects of WT and mutant ERβ proteins on tumor cell growth. Consistent with published work (3-6), WT ERβ significantly reduced the growth of breast cancer cells in both tissue culture (Supplemental Figure 6 , A and B) and xenograft models ( Figure 5 , A and B, and Supplemental Figure 7, A and B) . In contrast, the transcriptionally inactivating Y36F mutation completely abolished ERβ antitumor activity ( Figure 5A and Supplemental Figure 6A ). On the other hand, the transcriptionally active Y36E mutant inhibited tumor cell growth as robustly as did the WT protein ( Figure 5B and Sup-jci.org Volume 124 Number 8 August 2014 and disease progression (Supplemental Figure 10B and Supplemental Table 1 ). Patients with p-Y36-negative tumors had shorter disease-free (P = 0.006) and overall (P = 0.013) survival than those with p-Y36-positive tumors ( Figure 6B , left graphs). Most strikingly, the association with survival was only seen in stage II and III disease, consistent with an effect of p-Y36 on disease progression ( Figure 6B , right graphs, and Supplemental Figure 10C) . As a comparison, we also performed IHC of total ERβ using a previously validated commercial antibody (ref. 39 and Supplemental Figure  11A ). None of the ERβ-negative samples stained positive for p-Y36 (data not shown), further corroborating the specificity of p-Y36. Unlike p-Y36, we did not find a statistically significant correlation between total ERβ and disease progression when all disease stages were combined ( Figure 6C , left graphs). When only stage II and III cases were considered, total ERβ levels correlated with overall (P = 0.002), but not disease-free (P = 0.134), survival ( Figure 6C , right graphs, and Supplemental Figure 11B ). For stage II and III breast cancer patients, we performed univariate and multivariate analyses to determine the relationship between disease-free survival and overall survival and tumor size, nodal status, grade, and ERα, PR, HER2, ERβ, and p-Y36 status (Supplemental Table  2 ). In multivariate analysis, p-Y36 status (but not total ERβ), tumor size, and nodal status remained independent predictors of overall survival, whereas tumor size, nodal status, grade, and ERα status were independent predictors of disease-free survival. Collectively, these findings of disease correlation underscore the clinical relevance of the previously unappreciated p-Y36-centered signaling circuitry.
Discussion
Our work identifies an ERβ-specific phosphotyrosine residue that serves as a molecular switch for the transcriptional and antitumor activities of ERβ. In the model shown in Figure 7 , we propose that c-ABL and EYA2 form a signaling circuitry together with p-Y36 of ERβ. As a consequence of the antagonistic actions of c-ABL and EYA2, p-Y36 status dictates the functional interaction between ERβ and its coactivators. This in turn leads to transcriptional activation of ERβ-specific target genes and inhibition of tumor cell growth. This model is based on compelling data from our mechanistic work in vitro and is further bolstered by strong in vivo evidence from the tumor growth study. In particular, the fact that the Y36E mutant retained ERβ function but bypassed control by c-ABL and EYA2 unequivocally establishes p-Y36 as the functional "lynchpin" linking ERβ with its upstream regulators. Importantly, there was a stronger association of p-Y36-ERβ positivity with a good clinical outcome compared with total ERβ, further indicating the clinical relevance of this specific p-Y36-centered signaling circuitry and its potential as a therapeutic target. c-ABL in solid tumors (26, 40) . Likewise, EYA2 may also have other substrates in addition to ERβ in promoting breast cancer progression. Nevertheless, our data clearly indicate that both c-ABL and EYA2 exert their opposing actions on the antitumor activity of ERβ primarily through Y36. Previous work has also implicated certain phosphoserine residues of ERβ in the regulation of ERβ transcriptional activity (41) (42) (43) (44) (45) . It will be of interest to determine whether p-Y36 and the previously identified modification events can act cooperatively or antagonistically to regulate ERβ activity in the transcription and
The opposing actions of EYA2 and c-ABL on the p-Y36 status of ERβ can at least partly account for their reported activities in breast cancer. EYA2 has been shown to promote growth and invasion of breast cancer cells (22) , whereas c-ABL is reported to have a tumor-suppressive activity, at least under certain contexts (29, 30) . However, c-ABL knockdown still increased tumor cell growth to some extent, even in the presence of the constitutively active ERβ mutant, suggesting that c-ABL most likely has additional functionally important targets besides ERβ in breast cancer cells. These findings are consistent with a complex and multifaceted role of inhibition of tumor growth. While glutamate (E) is generally considered an effective phosphomimetic substitution for serine or threonine, E is structurally distinct from Y. Thus in many cases, the Y-to-E mutation has the same effect on protein function as Y-to-A or Y-to-F mutations. In this regard, it is somewhat surprising that the Y36E mutant of ERβ fully retained its transcriptional and antitumor activities. This unusual property of the Y36E mutant allowed us to definitively validate the specific functional relationship between p-Y36 and its upstream regulators c-ABL and EYA2. Given the size difference between p-Y and E, it is unlikely that p-Y36 is directly involved in ERβ interaction with its coactivators. Rather, the negative charge at this position likely induces a conformational change in ERβ that in turn facilitates coactivator binding to other parts of ERβ. Historically, the antitumor activity of ERβ has not been extensively exploited for breast cancer treatment. In addition, uncertainty over the clinical significance of the abundance of total ERβ further complicates efforts to develop ERβ-related agents for clinical use. Our study of 2 independent clinical cohorts clearly indicates a significant correlation between tumor p-Y36 status and patient survival, which substantially strengthens the clinical relevance of our mechanism-based findings. Notably, p-Y36 status correlated kinase-dead mutant GFP-c-ABL constructs were provided by Robert Clark (University of Texas Health Science Center at San Antonio). Cell lines and reagents. Parental cell lines were purchased from ATCC and cultured per the manufacturer's instructions. Hs578T derivatives containing the doxycycline-inducible FLAG-ER expression system were provided by John R. Hawse and Thomas C. Spelsberg (Mayo Clinic, Rochester, Minnesota, USA) (50) . The Hs578T derivatives were cultured in phenol red-free DMEM medium with 10% FBS, supplemented with 5 mg/l blasticidin S (Invitrogen) and 500 µg/ml zeocin (Invitrogen). To establish stable cell pools with ectopic expression of EYA2 or ERβ, the corresponding lentiviruses were prepared in HEK293T cells and were used to infect various breast cancer cell lines. Stable cell pools or clones were established by selection in 2 µg/ml puromycin (Invitrogen). The HEK293 cells with inducible expression of WT and kinase-dead mutant c-ABL were previously described (35) . E2, PPT, and DPN were obtained from Tocris Bioscience. Imatinib mesylate and DPH were purchased from Selleck Chemicals (S1026) and Sigma-Aldrich (SML0202), respectively.
Antibodies. The following commercially available antibodies were used: anti-FLAG M2 (A8592 and F3165; Sigma-Aldrich), anti-ERα (HC20, sc-543; Santa Cruz Biotechnology Inc.), anti-ERβ for immunoblotting (14C8; GeneTex; 9.88; Abcam), anti-ERβ for IP (EPR3777; Novus), anti-ERβ for IHC (68-4; Millipore), anti-EYA2 (HPA027024; Sigma-Aldrich), anti-pTyr (PY99, sc-7020; Santa Cruz Biotechnology Inc.), anti-p300 (sc-584; Santa Cruz Biotechnology Inc.), anti-GAPDH (G9295; Sigma-Aldrich), anti-FLAG-HRP (A8592; Sigma-Aldrich), anti-c-ABL (24-11, sc-23; Santa Cruz Biotechnology Inc.), and anti-FLAG M2 agarose (A2220; SigmaAldrich). Two anti-p-Y36 antibodies were raised against the ERβ p-Y36-containing peptide SIYIPSS(pY)VDSHHE: 1 in chicken (GenWay Biotech Inc.) and 1 in rabbit (Epitomics, Abcam). Both were used interchangeably in Western blot analysis, and the rabbit antibody was used in IHC.
Yeast 2-hybrid screen. The bait plasmid pGBKT7-ERβ (1-148) and a human mammary cDNA prey library (Clontech) were sequentially transformed into Saccharomyces cerevisiae strain AH109 according to the manufacturer's protocol. Transformants were grown on a synthetic medium lacking tryptophan, leucine, adenine, and histidine, but containing 1 mM 3-aminotriazole.
Co-IP and GST pulldown assays. Co-IP was performed as previously described (51) . For the GST pulldown assay, GST fusion proteins were expressed and purified according to the manufacturers' instructions (Amersham Pharmacia and QIAGEN). 35 S-labeled, in vitro-translated proteins were incubated with the GST fusion proteins bound to GST beads (Amersham Biosciences), and the pulldown proteins were analyzed as previously described (51) . Transient transfection. All cells assessed for ligand stimulation were cultured in phenol red-free medium containing 5% charcoal stripped (CS) FBS for 3 days, reseeded in 24-well Nunclon plates (Fisher Scientific), and transfected with various vectors as indicated in the individual figures (Figure 2 , B-D, Figure 3 , A-C, Figure 4A , and Supplemental Figure 4A with survival in stage II and III disease, whereas no correlation was seen in stage I disease, consistent with the predicted effect of p-Y36 on disease progression. In support of the functional importance of p-Y36 for the antitumor activity of ERβ, we found that its intensity was a more robust prognostic marker than total ERβ. It will be of importance to further evaluate the clinical utility of p-Y36 in predicting disease outcome and/or therapeutic response.
Given the druggable nature of all 3 components in the newly discovered signaling pathway (ERβ/EYA2/c-ABL), our findings may inform the development of new approaches for breast cancer therapies. Of note, approximately half of the triple-negative breast cancer cases express ERβ (11), making stimulation of ERβ antitumor activity an attractive therapeutic possibility for this aggressive subtype of breast cancer that currently lacks any target therapies. Indeed, there has been increasing interest in treating breast cancer and other ERβ-expressing cancers with ERβ-specific agonists (10) . The safety and drug tolerance of at least 1 ERβ agonist, S-equol, have been demonstrated by 2 completed and published clinical trials (46, 47) . Furthermore, small-molecule EYA2 inhibitors and c-ABL activators are available for preclinical studies (34, 48) . Given the oncogenic property of EYA2 and the context-dependent antitumor activity of c-ABL in the breast cancer literature (21-23, 29, 30) , it is conceivable that ERβ agonists synergize with c-ABL activators and/or EYA2 inhibitors in inhibiting those breast tumors in which the p-Y36-centered signaling circuitry is functional.
Methods
Plasmids. The expression vectors for ERα and ERβ (49) and GFPfused c-ABL constructs (33) were described previously. ERβ AF1 and AF2 deletion constructs were made by standard PCR. The FLAG-and Myc-tagged EYA2 were constructed using pcDNA3 (Invitrogen) and the pCDH-EF1-MCS-T2A-Puro lentiviral expression vector (System Biosciences), respectively. The shRNA targeting sequence for EYA2, CATACCAACCTACTGCAGA, was inserted into the pSilencer 2.1-U6 neo vector (Ambion). Plasmids encoding GST fusion proteins were constructed in pGEX-KG (Amersham Biosciences, GE Healthcare). EYA2 (D274A), EYA2 (D502A) and ERβ Y36 mutations were generated by the QuikChange site-directed mutagenesis kit (Stratagene). The WT and Each specimen was assigned a score according to the intensity of the nucleic and/or cytoplasmic staining (no staining = 0; weak staining = 1; moderate staining = 2; strong staining = 3) and the extent of stained cells (0% = 0; 1%-24% = 1; 25%-49% = 2; 50%-74% = 3; 75%-100% = 4). The final immunoreactive score was determined by multiplying the intensity score with the score of the extent of stained cells, ranging from 0 (the minimum score) to 12 (the maximum score). We defined a score of 0 as total ERβ negative, p-Y36 negative, and EYA2 negative; a score greater than 1 as total ERβ positive, p-Y36 positive, and EYA2 positive; and a score between 0 and 6 as c-ABL negative and greater than 6 as c-ABL positive.
Oligonucleotides. The following c-ABL siRNA oligonucleotides were used: siABL-1 (GACAUCACCAUGAAGCACA); siABL-2 (CUCCAUUGCUCCCUCGAAA); siABL-3 (GCAACAAGCCCA-CUGUCUA); and siABL-4 (CCAGCUCUACUACCUACGU). The primers for RT-PCR and ChIP assays were designed by the Affymetrix Primer Express software program. The following primers were used for mRNA analysis: MDA7-qF (CTTTGTTCTCATCGTGTCA-CAAC); MDA7-qR (TCCAACTGTTTGAATGCTCTCC); MSMB-qF (CCAGGAGATTCAACCAGGAA); MSMB-qR (GAAACAAGGGT-GCAACATGA); NKG2E-qF (GCCAGCATTTTACCTTCCTCAT); NKG2E-qR (AACATGATGAAACCCCGTCTAA); HAVCR2-qF (GAAGAAGAAGCAGTGACGGG); HAVCR2-qR (TGTCAGAATT-GTGCTAGGCG); PLA2G4D-qF (AGCCCCGGATCTGCTTTCT); PLA2G4D-qR (GGTGAGGTCATACCAGGCATC); pS2-qF (CCCCGT-GAAAGACAGAATTGT); pS2-qR (GGTGTCGTCGAAACAGCAG); GREB1-qF (CAAAGAATAACCTGTTGGCCCTGC); and GREB1-qR (GACATGCCTGCCCTCTCATACTTA). The primers used for ChIP analysis were: MDA7-F3 (CCCCATCGCTGTATTGTCCT); MDA7-R3 (GGAAAAAGAGGGAGGTGGAGA); MSMB-F1 (GTCACTG-GAAGGCACACAGA); MSMB-R1 (CTTGTGCCAAGAAAGCCT-GT); NKG2E-F1 (AGCCACCCAAAGTCTCCTAT); NKG2E-R1 (TTCAGTGGAGAGGTCAGGTT); HAVCR2-F1 (CACTCTGCAAT-GCTATGGGA); HAVCR2-R1 (AGCTCACAGGCTGAGTGGTT); PLA2G4D-F1 (CTACTGGACAGTGCTGTT); and PLA2G4D-R1 (ATGGATGGGAATTAGGATACTT).
Statistics. Statistical significance in the preclinical experiments was assessed by a 2-tailed Student's t test. The correlation between p-Y36 expression and clinicopathologic characteristics was determined using Pearson's χ 2 test. Disease-free survival was defined as the time from the date of diagnosis to first recurrence (local or distant) or death from breast cancer without a recorded relapse. Overall survival was defined as the time from the date of diagnosis to death, in which breast cancer was the primary or underlying cause of death. Patients who were alive at the last follow-up were censored on the last follow-up date, and patients who died from causes other than breast cancer were censored at the time of death. Estimation of disease-free survival and overall survival was performed using the Kaplan-Meier method, and differences between survival curves were determined with the log-rank test. A Cox regression model was applied to determine whether a factor was an independent predictor of survival in multivariate analysis. All statistical tests were 2 sided. Statistical calculations were performed using SPSS 13.0. In all assays, P < 0.05 was considered statistically significant. Study approval. For analysis of a correlation between p-Y36 and EYA2 or c-ABL, deidentified breast cancer samples were obtained with the informed consent of patients, following protocols approved by the For the luciferase assay, Renilla luciferase reporter vector phRL-SV40 (Promega) was used as an internal control. Luciferase values were normalized as described previously (52) .
Real-time RT-PCR. RNA was extracted with TRIzol reagent (Invitrogen). cDNA was synthesized with 1 µg of total RNA using the ImPromII Reverse Transcription System (Promega) and random primers. Quantitative PCR (qPCR) was conducted using the 7900HT Real-Time PCR System (Applied Biosystems). The level of GAPDH mRNA was measured as the internal control.
ChIP. For ChIP experiments in the ERβ-inducible Hs578T cells, 100 ng/ml doxycycline was added for 24 hours. Before harvesting, cells were treated with either ethanol (vehicle) or 10 nM E2 for various times. Cells were crosslinked with 1% formaldehyde for 10 minutes, treated with glycine at a final concentration of 0.125 M for 5 minutes at room temperature, and lysed in lysis buffer (5 mM HEPES, pH 9.0, 85 mM KCl, 0.5% Triton X-100) for 15 minutes on ice. Nuclei were resuspended in nuclei lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS), and the crosslinked DNA was sonicated for 10 minutes (with a 30-second on/off cycle) using a Bioruptor sonicator (Diagenode). The supernatant was used for ChIP as previously described (53) .
In vitro tyrosine kinase assay. The tyrosine kinase assay was performed as described previously (54) . Briefly, FLAG-ERβ was affinity purified from transiently transfected HEK293T cells. WT and kinase-dead mutant FLAG-c-ABL proteins were inducibly expressed in HEK293 cells (35) and purified in a similar fashion. ERβ and c-ABL proteins were then incubated in kinase buffer (50 mM HEPES, 10 mM MgCl 2 , 1 mM DTT, 2.5 mM EGTA, 0.1 mM Na 3 VO 3 , 1 mM NaF) containing γ-32 P-ATP at 30°C for 30 minutes. Kinase reactions were resolved by SDS-PAGE and exposed by autoradiography.
In vitro tyrosine phosphatase assay. Commercially synthesized phosphopeptides or FLAG-ERβ proteins IP from HEK293T cells were used as the substrates. The peptide sequences are as follows: p-Y142-H2AX (20) : CPSGGKKATQASQE(pY); p-Y36-ERβ: SIYIPSS(pY)VDSHHE. WT and mutant GST-EYA2 proteins were incubated with substrates in phosphatase buffer (50 mM Tris-HCl, pH 7.0, 5 mM MgCl 2 , 10% glycerol, 3 mg/ml BSA) at 37°C for 30 minutes. Release of free phosphate was detected using the Malachite Green detection assay according to the manufacturer's instructions (BIOMOL, Enzo Life Sciences) (19) .
Xenograft assay. Forty-five-day-old female athymic nude mice (Harlan) were injected orthotopically with MDA-MB-231 cells into mammary gland fat pads. Tumor development was followed by caliper measurements along 2 orthogonal axes: length (L) and width (W). The volume (V) of tumors was estimated by the formula V = L × (W 2 )/2. Human tissue analysis. Rabbit anti-EYA2 (HPA027024; SigmaAldrich), anti-c-ABL (sc-887; Santa Cruz Biotechnology Inc.), antitotal ERβ (68-4; Millipore), and anti-p-Y36 antibodies were used as the primary antibodies for IHC. For the larger cohort study, we purchased the Breast Cancer TMAs from the NCI Cancer Diagnosis Program. The TMAs contained 1,169 nonmetastatic breast tissue specimens divided into TNM stages I-III. IHC of formalin-fixed, paraffin-embedded samples was performed as described previously (49) . After staining, a total of 726 and 582 specimens from TMAs (age range, 25 to 96 years; mean ± SD, 59.1 ± 13.4; median, 60 years) were available for analysis of p-Y36 and total ERβ, respectively. The other samples were either inadvertently detached from the case set during IHC or contained too few cells.
